We have constructed amplified cDNA preparations from replicate samples of human oocytes and individual preimplantation embryos. Differential display of the cDNA preparations shows disparate patterns of gene expression in the individual embryos at all stages of preimplantation development. The variation in patterns of genes expressed is in part due to the low starting cell number undergoing the reverse transcriptionpolymerase chain reaction (RT-PCR) step in the preparation of the amplified cDNAs. Despite this variability, the use of replicate embryo samples makes it possible to identify and isolate human genes specifically expressed at the different stages of human preimplantation development from the unfertilized oocyte to the blastocyst stage.
Introduction
four and 400 fibroblasts, we demonstrate that some of the variability is due to the low number of starting cells. Thus, The molecular programming of human early development has although amplified cDNA preparations prepared by these been difficult to study due to the rare availability of the embryo methods may appear to be representative of all expressed samples and the associated ethical considerations. These limitaembryonic sequences as judged by screening for the presence tions to studies on gene expression in human embryos would of specific genes by polymerase chain reaction (PCR), and be overcome to some extent if sensitive procedures could be their frequency by library hybridization (Adjaye et al., 1997, developed to create amplified cDNA preparations, and cDNA 1999) , the differential display screen shows that a variable libraries, representing the genes expressed at different stages subset of genes are represented for each single embryo. of early development. Such a resource would enable extensive Nevertheless, despite the variability introduced by the low studies of gene expression in development, comparative studies cell number in the patterns for the individual embryos, the within a single embryo, and the isolation of novel human use of replicate embryos in our work makes it possible to developmental genes, without the continual requirement for identify and isolate genes specifically expressed in human additional human embryos.
early development. Previously, we have reported procedures for the creation of cDNA libraries from single preimplantation embryos (Adjaye et al., 1997 (Adjaye et al., , 1999 . However, these initial libraries were limited
Materials and methods
to one embryo from each of the 2-, 4-, 8-cell and blastocyst
Embryo samples
stages so that reproducibility of results could not be confirmed. In addition, the cleavage embryos available at the time were Human embryos, which were surplus to requirement for infertility treatment, were obtained with the couples' consent at King's those that failed to show ongoing development and thus may College Hospital Assisted Conception Unit (KCH ACU). They were have been atretic and not representative of their stage of all healthy embryos at the right developmental stage for age and time morphological development. in culture (Bolton et al., 1989 to embryo. In reconstruction experiments, using samples of Amplified cDNA preparations from fetal primordial germ cells the above RT reaction mixture, in 50 µl of PCR mixture, with initial denaturation for 1 min at 95°C, followed by 24 cycles of 15 s at included in some of the differential display experiments were kindly provided by Dr Tetsuya Goto. The germ cells were isolated from 95°C and 5 min at 68°C, and final extension for 5 min at 72°C, using the CDS/3Ј and SMART primers (see Table I for primer sequences) human fetuses at 10 weeks gestation, a time when the female germ cells are entering meiosis and the male germ cells are entering mitotic and Advantage 2 polymerase mix (provided in the Clontech kit) designed to produce longer length sequences (Barnes, 1994) . arrest. Differential display of the patterns of gene expression in these male and female primordial germ cells, and the isolation and An aliquot (5 µl) of the amplified cDNA was electrophoresed on a 1% agarose gel to check the distribution of sizes of the cDNA characterization of genes specifically expressed in the germ cells (male, female or both) and not in the somatic cells have been molecules synthesized and amplified, and 1 µl of either a 1 in 5 or a 1 in 10 dilution of the amplified cDNA was used for genepreviously described (Goto et al., 1999) .
Fibroblast cells were obtained from the Biochemistry, specific PCR for two house-keeping genes, β-actin and hypoxanthine phosphoribosyl transferase (HPRT) to verify successful Endocrinology and Metabolism Unit at the Institute of Child Health. They were washed in phosphate buffered saline and separated into reverse transcription and subsequent PCR amplification of cDNA molecules generated. Published sequences of the PCR primers used groups of four fibroblasts, and~400 fibroblasts, and transferred to Eppendorf tubes in 3 µl of lysis buffer exactly as described for for the β-actin and HPRT genes are shown in Table I . The PCR cycling parameters are 35 cycles of 1 min at 95°C, 1 min at 62°C embryos and oocytes (see above).
and 1 min at 72°C for β-actin (Heikinheimo et al., 1995) and 35 Preparation of polyadenylated RNA cycles of 1 min at 95°C, 1 min at 60°C and 1 min at 72°C for HPRT (modified from Daniels et al., 1997) . Polyadenylated RNA [hereafter referred to as messenger RNA (mRNA)] molecules were isolated from embryos or fibroblast cells Differential display using an oligo(dT) 25 nucleotide attached to magnetic beads (Dynabeads mRNA purification kit, Dynal, UK) as follows. Samples in 3 µl of lysis Differential display was performed essentially as previously described (Liang and Pardee, 1997) . The volume of PCR mixture was 20 µl, buffer were incubated for 5 min at 65°C to lyse the cells and release RNA. To this, 10 µl of the oligo(dT) 25 -magnetic beads in suspension comprising 1 µl of the cDNA samples (concentrations adjusted for comparison), 2 µmol/l each of dNTPs, 0.2 µl of [α-33 P]-dATP were added, the sample was left at room temperature for 30 min and then the beads were collected with the magnetic station (provided with (10 mCi/ml, Amersham, UK), 0.2 pmol each of primers and 1.25 IU of Taq polymerase (Perkin Elmer, UK) in the supplied PCR buffer. the beads). The beads were washed once in 10 µl of 1ϫ washing buffer (supplied with the beads) and three times with 10 µl of 1ϫ reverse Sequences of primers are shown in Table I . The random primers (H-AP1 and H-AP2, Table I ) will define the size of fragment for transcription (RT) buffer (Gibco BRL, UK). The isolated mRNA attached to the beads was resuspended in 3 µl of double-distilled (dd) each particular gene sequence, depending on the position [from the poly(A) tail] of homology to the random primer sequence. Primers, H 2 O. Total RNA from samples of fetal muscle, gut and brain (mesoderm, endoderm and ectoderm tissues respectively), extracted as TG, TA and TC, are oligo(dT) primers for annealing with the poly(A) tail. One nucleotide, G, A or C, is attached to the 3Ј end of these described previously (Chirgwin et al., 1979) , were subjected to the same bead isolation of mRNA and processed in the same way as oligo(dT) primers to ensure that the primer anneals at the beginning of poly(A) tail sequence. Therefore, PCR amplification with a primer the embryos.
set of one of the three 3Ј oligo(dT) primers (TG, TA or TC) and cDNA synthesis and PCR amplification of cDNA either H-AP1 or H-AP2 random primer produces a 3Ј end cDNA fragment of specific length for each gene cDNA in the differential The cDNA synthesis was performed in solid phase, i.e. the mRNA display gel (Figure 1b ). was still attached to the beads during the RT procedure. The cDNA
The PCR cycle parameters were 40 cycles of 30 s at 94°C, 2 min synthesis, and PCR amplification of cDNA molecules, were carried at 40°C and 30 s at 72°C, followed by 10 min extension at 72°C. out by using SMART™ PCR cDNA Library Construction Kit (initially The annealing at 40°C allows 3-4 nucleotide mismatches between the SMART2 primer and, when it became available, the SMART3 the random primers and cDNA (T.Goto, unpublished data) and primer was used; Clontech, USA) essentially according to the manubenefits the amplification of a larger number of cDNA molecules facturer's instructions. The Clontech kit has previously been shown with the limited number of primer sets. (Sasaki et al., 1998) to produce a high proportion of longer cDNAs.
Two µl of the PCR products were electrophoresed on a 6% For the reverse transcription step, the whole 3 µl of the resuspended denaturing polyacrylamide gel in 1ϫ TBE at 1700 V until the xylene mRNA were incubated for 1 h at 42°C in 10 µl of RT reaction cyanol FF dye reached the bottom of the gel. The gel was transferred mixture (Clontech, USA) with a 3Ј oligo(dT) primer (CDS/3Ј primer, onto a 3MM paper (Whattman, UK), dried and exposed to Hyperfilm Table I ) and Moloney murine leukaemia virus (MMLV) reverse (Amersham) overnight at -70°C. transcriptase (SuperScript II RNaseH-reverse transcriptase, Gibco BRL). The reaction mixture contains the SMART oligo that anneals Re-amplification and cloning of differentially expressed with the three to five cytosine residues characteristically added by cDNA fragments the reverse transcriptase at the 3Ј end of first strand cDNA molecules synthesized and serves as a further template for the extension of the The autoradiogram was superimposed on the dried gel to locate the cDNA fragments of interest. These were excised with a sterile cDNA by the reverse transcriptase (see Figure 1a) . The SMART sequence thus tags the 3Ј ends of the first strand cDNA molecules blade, the DNA eluted from the gel by boiling in 100 µl of dd H 2 O for 15 min and precipitated with 100% ethanol in the presence of synthesized by RT and makes it possible to amplify these cDNA molecules by PCR using the CDS/3Ј primer and the SMART primer.
50 µg of glycogen as a carrier. The DNA was washed with ice-cold 85% ethanol and resuspended in 10 µl of dd H 2 O. Tagging with the SMART3 primer allows extension of a 3Ј cDNA sequence, identified by differential display as showing stage-specific
To obtain a sufficient amount of the fragments for ligation to the cloning vector, pGem-T Easy (Promega, UK), 4 µl of the expression (see below), towards its 5Ј end by 5Ј rapid amplification of cDNA ends (RACE).
resuspended DNA were re-amplified with the same set of primers as used for differential display and with the same PCR conditions PCR amplification of the cDNA was carried out using 5 µl from (Ponte et al., 1984) , the HPRT primers amplify nt 222-808 of the 1.4 kb cDNA (Jolly et al., 1983) .
except that the concentration of dNTPs was 20 µmol/l each, instead libraries prepared from the replicate oocyte and embryo cDNAs of 2 µmol/l, and [α-33 P]-dATP was omitted.
reported in this paper (HGMP, personal communication embryos. Four good quality embryos were used at each of the 4-cell, 8-cell and blastocyst stages and subjected to RT-PCR
Results
as described in the text. As in previous work (Goto et al., 1999) , we first showed Our previous human embryo cDNA libraries, constructed in that the embryonic cDNAs contained sequences corresponding the process of refining procedures to the sensitivity of a few to expressed genes, HPRT and β-actin. Figure 2a shows the embryonic cells, were limited to a single embryo sample distribution of sizes of cDNA molecules from each of the representative of each stage and, moreover, the only human replicate samples and Figures 2b and 2c show PCR amplificacleavage embryos available at the time were developmentally tion of these gene sequences in the replicate cDNAs for the delayed. Reproducibility could not be demonstrated and the oocytes, 4-cell, 8-cell and blastocyst stages and the somatic representative nature of the libraries could not be confirmed.
control cDNAs. Note that the expression of HPRT and β-actin Also, it should be noted that further testing of the single is not observed in all oocyte or embryo samples, nor to the blastocyst library prepared by Adjaye et al. (1999) showed a same intensity in replicate samples. This is partly due to the high proportion of concatamers of the SMART primer sequence fact that the amplified cDNA preparations are not fully in the clones (Chris Mundy, HGMP, personal communication).
qualitatively and quantitatively representative of the genes Nevertheless, the original libraries have proved valuable in expressed at a particular stage due to the very low starting the isolation of new embryo-specific members of the HOX cell number in the single embryos. gene family (Adjaye and Monk, 2000) . The concatamers of SMART primer sequences have not been encountered in
To isolate and characterize embryo-specific and germ- cell-specific genes (i.e. genes not expressed in somatic cells), In Figure 3b , we also show differential display of amplified cDNA preparations from replicate samples of four fibroblasts and identify which of these might be stage-specific, we carried out differential display on the amplified cDNAs to show the and 400 fibroblasts. A comparison of patterns of gene expression in these lanes indicates that the patterns of expressed array of genes expressed in the cDNAs at the different stages. Figure 3 shows the differential display patterns of the amplified genes in samples of four fibroblasts are more variable than those for 400 fibroblasts. Thus, the variability in the differential cDNA preparations from the replicate embryos. The most striking result is the disparate nature of the patterns of genes display between replicates is most probably due to low cell number and is introduced at the initial RT-PCR amplification expressed. Each embryo shows a very different pattern even at the same stage of development. Despite the variability, there of the mRNA populations in the embryos. Figure 4 confirms the effect of low cell number on creating are clearly sequences that appear to be specific to particular stages. There are also sequences specific to muscle, gut or the variable patterns of gene expression. Highly variable differential display patterns of replicate samples of four brain in the somatic cell patterns (m, g and b in Figure 3a) .
In Figure 3 , it is clear that patterns of genes expressed in fibroblasts may be compared with the more reproducible patterns for the replicate samples of 400 fibroblasts especially samples of higher cell number, the PGC samples (200-300 cells, Figure 3b ) and the somatic cells (Figure 3a) , are more in the lower half of this gel. Therefore, in our hands, the patterns of gene expression in amplified cDNAs from individual reproducible and do not show the highly variable patterns seen for the oocytes and embryos. We have attempted to determine human embryos are not reproducible and represent a variable subset of mRNAs present in these embryos. Nevertheless, whether the strikingly disparate patterns of gene expression in the embryos, as revealed by differential display, are a real despite the variability, the use of replicate individual embryos does allow the identification of individual bands within the property of human early embryonic development, or whether the variability is a technical artefact, in the differential display patterns that are clearly specific to development, i.e. not appearing in the somatic controls, and some that are specific procedures or the RT-PCR procedures, introduced by the low cell number in the individual embryos.
to a particular stage of development, i.e. to the oocyte, or appearing at the 8-cell stage. A comparison of Figures 3a and 3b shows that repeated differential display procedures from the same amplified cDNA
To identify the oocyte-and embryo-specific genes, in these and further differential display experiments with different sets preparations are reproducible. The reproducibility of the different bands in each sample confirms the oocyte-and of primers, bands differentially expressed in oocytes or embryos (Table II) were excised from the gels, re-amplified using the embryo-specific bands for expressed genes (bands not appearing in the somatic samples). These are numbered in the random primer and the polyT primer, gel-purified, and cloned into the pGEM T-easy vector, and sequenced (see Figure 1b) . figure and listed in Table II . The embryo-specific bands 1, 2, 3, 9 and 11 were excised Table II . Developmental-specific bands identified by the differential display from the gel in Figure 3a and sequenced. Bands 1, 2 and 3 shown in Figure 3a ,b were the same sequence but truncated by one or two bases.
Expression specificity Band no.
Primers were designed within the sequences obtained and used to carry out one round of PCR of these sequences in the series specificity of these developmental genes has been confirmed. In continuing work, we are obtaining the full length sequences of developmental genes identified in this way and characterizing the genes by database analysis before more extensive functional analysis.
Discussion
Over the past few decades, we have designed a variety of single cell molecular procedures specifically for the study of the mutation, methylation and expression of specific genes in single embryonic cells of mouse and human. These highly sensitive micro methods have been successfully applied to a number of different studies including X-chromosome inactivation in mouse (Monk and Harper, 1979 , for review, see Monk, 1992) and human (Daniels et al., 1997; Goto et al., 1997; for review, see Goto and Monk, 1998) , the role of methylation in genetic programming in the embryo (Monk et al., 1987a ; for review, see Monk, 1995) , the regulation of X-linked (Grant et al., 1992) and imprinted gene expression (Zuccotti and Monk, 1995; Goto et al., 1998) , and the first models of preimplantation diagnosis of genetic disease in mouse and human (Monk et al., 1987b; Holding and Monk, 1989; Monk and Holding, 1990) . In this paper, we add to this repertoire of highly sensitive molecular technologies, procedures for the preparation of amplified cDNA complementary to expressed genes in human individual embryos and the use of differential display of the patterns of gene expression at different stages of preimplantation development to isolate human developmental genes. demonstrated by differential display. There are valid reasons step in samples 2 and 8, the beads were divided into two aliquots to expect some variability. The maternally-inherited mRNAs (i and ii) for polymerase chain reaction (PCR). Some of the variability in patterns in gene expression is due to low cell number, are degraded in cleavage stages, and the embryonic genes are since it is more marked with the four fibroblast samples than the being turned on one by one, starting as early as the fertilized 400 fibroblast samples, and is introduced by the PCR amplification one cell embryo (Daniels et al., 1995) . It seems unlikely that at the RT-PCR step.
silencing and activation of specific genes would be a highly , as well as a preparation from a 10 week whole fetus (F, kindly supplied by J.Adjaye) which is loaded in several lanes across the gel to serve as a reference marker for identification of the position of specific bands from lane to lane. The primers used were TG and HAP2. Note the variability of expression patterns in the embryos compared with the consistency of patterns in the PGCs and somatic tissues. Replicate lanes of the cDNA preparations of muscle, gut and brain, show reproducibility of the differential display procedures. Embryo-specific, PGC-specific and m-, g-and b-specific sequences are indicated by numbers next to these bands. Figure 3 part b also includes replicate samples of amplified cDNA from four fibroblasts and 400 fibroblasts. Note that the patterns of expression for replicate amplified fibroblast cDNAs are more variable for the low cell number.
synchronized process so variability from embryo-to-embryo, enesis. A panel of CDNAs prepared from cancer cell lines and tumours will be screened for their expression with a view to and even cell-to-cell, must be expected.
However, we have shown that a main component of varithe identification of embryo/cancer genes that could be targetted in cancer therapy and the preparation of DNA vaccines. ability in patterns of expressed genes detected is brought about by the low cell number in the starting samples. The variability does not occur in the differential display PCR step since the
